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Supplementary  

S2.1 Measurements 

S2.1.1 Introduction  
 
Metabolites play a very important role in connecting the many metabolic pathways that operate within the 

metabolome. The concentration of metabolites is a complex function of the regulatory processes 

(transcriptional, translational and allosteric regulation), metabolic demand and ingestion of food. 

Metabolite concentrations are an important factor of obtaining the cellular state and observing the cellular 

behavior. In recent years many high-throughput methods have been developed to measure the 

transcriptome and proteome, but methods for analyzing metabolite concentrations seem to be far less 

common. Increases in mRNA levels do not always correlate with increases in protein levels and once 

translated a protein may or may not be enzymatically active; to measure changes observed in the 

transcriptome or proteome do not always correspond to change in phenotype. Here we discuss Mass 

Spectrometry as a possibility to measure the metabolite concentrations. For the sake of brevity, only Gas 

Chromatography Mass Spectrometry (GC/MS) shall be explained. 

S2.1.2 Mass Spectrometry  
 
The use of mass spectrometry has increased especially in the identification of the chemical composition 

of a compound. A mixture containing different substances undergoes chemical fragmentation forming 

charged particles, also called ions. The ratio of mass-to-charge of the ions is calculated by passing them 

through electric and magnetic fields in a Mass Spectrometer. Mass spectrometer has three essential 

modules: 

 

 Ion source: Transforms the molecules into ionized fragments. 

 Mass analyzer: Sorts the ions by its mass by applying electric and magnetic fields. 

 Detector: Measures the value of some indicator quantity and thus provides data for calculating 

abundances of each ion fragment present. 

 

Figure S2.1 shows a schematic of a simplified mass spectrometer for which we shall give a simple 

example. Sodium chloride vaporizes and ionizes into sodium ( and chloride ( . Whereas Sodium 

ions are monoisotopic, with mass of 23 Dalton, chloride ions come in two ions with a weight of 35 D. 

(75% occurrence) and 37 D. (25% occurrence). The speed of a charged particle may be increased or 

decreased when passing through the electric field, and its direction may be altered by the magnetic field. 

The magnitude of its deflection of the moving ionôs trajectory depends on its mass-to-charge ratio. 

Lighter ions get deflected more than heavier ions. The ions will hit the detector and recording the relative 

abundance of each ion. This will result in the identification of three different constituents. 
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Figure S2.1: Schematic of a simplified mass spectrometer. 

 
All mass spectrometers obey the same laws: 

 

 

 

 

 

 

 

 

 

 
 

Using some algebra we can rewrite this in 

 

 

 

 

The mass spectra representation normally uses the dimensionless parameter z defined as, where e is 

the number of elementary charges. The equations show that the trajectory of the ion completely 

dependents on its mass-to-charge ratio. Ions with the same mass-to-charge ratio, but different masses or 

charges will hit the same location making them impossible to distinguish. 

S2.1.3 Gas Chromatography Mass Spectrometer  
 
One of the most widely used mass spectrometer uses the Gas Chromatography to separate compounds 

before they enter the Mass Spectrometer. It has a high separation efficiency that can resolve very complex 

biological mixtures, but can only be used for volatile or semi-volatile metabolites. Figure S2.2 illustrates 

the mechanism of the Gas Chromatography Mass Spectrometer (GC-MS). 
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The mechanism of the GC-MS: 

 

 The mixture with the substances gets evaporated, leaving nonvolatile substances behind. 

 An inert gas, also called the mobile phase, carries the evaporated mixture through a narrow tube 

(column). This column is filled with the stationary phase, mostly a liquid or a polymer.  

 The function of the stationary phase is to separate different components, depending on their 

various chemical and physical properties and their interaction with the specific column filling, 

causing each one to exit the column at a different time (retention time). 

 The mass spectrometer generates the mass spectra. 

 

 
Figure S2.2: Gas Chromatography Mass Spectrometer. 

 
Figure S2.3 illustrates the mass spectrum of a GC-MS: mass-to-charge-ratio versus abundance (relative to 

the largest peak). Each peak can be converted a metabolite concentration under the assumption that there 

are no metabolites with the same mass-to-charge ratio. Roessner [6] showed that metabolite 

concentrations could be accurately measured by GC-MC. 

 
Figure 2.3: Mass spectrum of the GC-MS. 
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S3.1 Wegscheider condition  
 
Another thermodynamic constraint is the Wegscheider condition: 

 

When constructing models, it is essential that the thermodynamic restriction on rate constants be 

satisfied for all cycles in a closed model. Otherwise, the model will violate the second law of 

thermodynamics and shall not occur in reality. 

 

For the sake of brevity I omit the proof of the concept as it lies beyond the scope of this report, one can 

find in [12-13]. The condition implies that the product of the rate constants over one cyclic path equals 

the product of the rate constants in the reverse direction over the same path. This also automatically 

implies that the product of the equilibrium constants in chemical equilibrium is equal to one. To show that 

this is true we used the example of the Inositol triphosphate (IP3) receptor taken from De Young, et al. 

[14]. Figure S3.1 illustrates the state transition diagram of this example. 

 

 
Figure S3.1: Transition diagram for the eight-state receptor 

 

 

There are two simplifying assumptions: 

 

1. Assumption that the rate constants are independent of whether activating calcium is bound or not. 

2. Assumption that the kinetics of calcium activation is independent of IP3 binding and calcium 

inactivation. 

 

From the first assumption it follows that: k14=k23, k15=k26, k58=k67, k48=k37, k41=k32, k84=k73, k85=k76 and 

k51=k62. From the second assumption it follows that: k12=k56=k43=k87 and k21=k34=k65=k78. These 

simplifying assumptions results in ten different rate constants and are listed in Table 1. 

 

  

  

  

  

  

 

Now let us take a complex path through the transition diagram to see if this Wegscheider condition holds. 

The path we take is as follows: 

 

 
 

The product of the rate constants of the path given by: 
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and its reverse: 

 

 

 

Equating these expressions results in: 

 

 

 

We can clearly see that the equated expressions in (S3.1) are equal and imply that in chemical equilibrium 

the product of the equilibrium constants must be equal to one. This condition is yet another 

thermodynamic constraint on the dynamic model and is easily violated in parameter estimation. 
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S3.2 Stability analysis  
 
In the analysis of dynamic models it is desired to assert the stability of a steady state [9],[15] and can be 

asserted by stability analysis. It will indicate if a nearby steady state can be reached. Let us assume that 

we have the concentration vector  and stoichiometric matrix A, given be. 

 

 

 

To solve this system of differential equations we assume that matrix  is diagonalizable. Then we should 

have two eigenvalues  and  with corresponding eigenvectors  and  and can state that: 

 

 

 

Now let , so that , and substitute these results into (S3.2) to get: 

 

 
 

This is just the system 

 

 

 
whose general solution is: 

 

 

 

To find , we just compute: 

 

 

 

We can now make statements about the behavior of the system near equilibrium. If the system of 

differential equations is non-linear one takes the linear approximation by the Jacobian near equilibrium to 

calculate the eigenvalues.  

 

To calculate the eigenvalues of this 2x2-matrix we can use the following formula: 

 

 

 

We can solve for lambda by the ABC-formula: 
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The term  is called the discriminant and if it is lower than zero than the roots of the 

polynomial are complex and they are each other complex conjugate. There are different cases of stability 

as illustrated in Figure S3.2.  

 

 
Figure S3.2: Regions of stability. Plot depicts the trace of the matrix against its determinant. 

The second-order curve depicts the situation where the discriminant is zero. The shaded areas 

highlight the situations where the eigenvalues are imaginary. 

 
Case 1: Both eigenvalues are real and negative 

This case is relatively easy to explain using (S3.4). When both eigenvalues are real and negative we see 

that when time progresses the exponential constants goes toward zero. This indicates that the steady state 

is attractive, also called an attractor and that the system shall without oscillations go to this steady state.  

Figure S3.3 shows an attractor. 

 

 
Figure S3.3: An example of an attractor. 

. 
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Case 2: Both eigenvalues are real and positive 

If both eigenvalues are real and positive the current system is close to a repeller. This means that when 

one comes close to this steady state that the concentrations will repel from this point, this point is also 

called a repeller as illustrated in Figure S3.4. It indicates that an initial concentration close to this point 

will be repelled. 

 
Figure S3.4: An example of a repeller. 

 
 Case 3: Both eigenvalues are real but one is positive and the other negative 

 

This type of steady state is called a saddle point and it is very important where the current state of the 

system is initiated. If for instance  is positive and  negative than a vector parallel to  will repel 

from this point while if initial vector lies parallel to  it will be attracted. If the vector is a linear 

combination of the eigenvectors the behavior is depended on the dominant absolute eigenvalue. The 

system will in the long term move in the direction of the dominant eigenvector as illustrated in Figure 

S3.5. 

 

 
Figure S3.5: Behavior near saddle point. 
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Case 4: Both eigenvalues are imaginary and complex conjugates of each other 

 
If both eigenvalues are imaginary the concentration vector is bound to oscillate. There are three types of 

oscillations; inward oscillation, outward oscillation and the limit cycle. Using (S3.6) we can explain both 

all cases. 

 

 

 

In the first case the real part of the imaginary eigenvalues is negative and the formula moves to zero after 

a period of time. This is called a stable spiral node and has a circular movement shown in Figure S3.6. 

 

 
Figure S3.6: Spiral attractor. The steady state is an attractor with circular motion. 

 

In the second case the eigenvalues have a positive real part and the steady state node shall be a spiral 

repeller where the concentration vector will have a repelling trajectory. The last case the real part of the 

imaginary eigenvalues is equal to zero resulting in a closed orbit, also called a limit cycle. This means that 

the concentration vector trajectory shall make a continuous cyclic movement as illustrated in Figure S3.7. 

 

 
Figure S3.7: Limit cycle. 




